OsSEC24, a functional SEC24-like protein in rice, improves tolerance to iron deficiency and high pH by enhancing H+ secretion mediated by PM-H+-ATPase  by Li, Shuang et al.
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a  b  s  t  r  a  c  t
Iron  is abundant  in  the  soil,  but  its  low  solubility  in  neutral  or  alkaline  soils  limits  its  uptake.  Plants  can
rely  on rhizosphere  acidiﬁcation  to  increase  iron  solubility.  OsSEC27p  was  previously  found  to  be a  highly
up-regulated  gene  in  iron-deﬁcient  rice  roots.  Here,  pH-dependent  complementation  assays  using  yeast
mutants sec24/SEC24  and  sec27/SEC27  showed  that  OsSEC27  could  functionally  complement  SEC24
but  not  SEC27  in  yeast;  thus,  it was renamed  as  OsSEC24.  We  found  that  OsSEC24-transgenic  tobacco
plants  increased  the  length  and  number  of roots  under  iron  deﬁciency  at  pH 8.0.  To  explore  how  OsSEC24
confers  tolerance  to  iron  deﬁciency,  we utilized  transgenic  tobacco,  rice  and  rice  protoplasts.  H+ ﬂux
measurements  using  Non-invasive  Micro-test  Technology  (NMT)  indicated  that  the  transgenic  OsSEC24
tobacco  and  rice  enhanced  H+ efﬂux  under  iron  deﬁciency.  Conversely,  the  application  of plasma  mem-
brane  PM-H+-ATPase  inhibitor  vanadate  elucidated  that  H+ secretion  increased  by  OsSEC24  was  mediated
+ +obacco
ice
MT
by  PM-H -ATPase.  OsPMA2  was used  as  a representative  of  iron  deﬁciency-responsive  PM-H -ATPases
in  rice  root  via  RT-PCR  analysis.  In transgenic  rice  protoplasts  OsPMA2  was  packaged  into  OsSEC24
vesicles  after  export  from  the  ER  through  confocal-microscopy  observation.  Together,  OsSEC24  vesicles,
along  with  PM-H+-ATPases  stimulate  roots formation  under  iron  deﬁciency  by  enhancing  rhizosphere
acidiﬁcation.
©  2015  The  Authors.  Published  by Elsevier  Ireland  Ltd.  This  is an open  access  article  under  the CC. Introduction
Iron is a plant nutrient that is essential for many cellular
rocesses, including photosynthesis and respiration, etc. It is
ery abundant in soils, but exists predominantly as an insoluble
erric-hydroxide complex that is unavailable for root uptake in
xygenated soils at neutral or alkaline pH (normal aerobic soil
onditions) [1]. Higher plants have developed two  main strate-
ies to solubilize and efﬁciently assimilate iron when this nutrient
Abbreviations: PS, phytosiderophores; MA,  mugineic acid; YS, Yellow Stripe;
RO, Fe(III)-chelate reductase oxidase; PM,  plasma membrane; COPII, Coat Protein
I;  COPI, Coat Protein I; ER, endoplasmic reticulum; GFP, green ﬂuorescent protein;
S,  Murashige and Skoog; SD, standard deviation; SE, standard error; EST, expressed
equence tag; TGN, trans Golgi network; CGN, cis-Golgi network; NMT, Non-invasive
icro-test Technology.
∗ Corresponding author. Tel.: +86 01068901692; fax: +86 01068901692.
E-mail address: yinlp@cnu.edu.cn (L.-P. Yin).
ttp://dx.doi.org/10.1016/j.plantsci.2015.01.001
168-9452/© 2015 The Authors. Published by Elsevier Ireland Ltd. This is an open
icenses/by-nc-nd/4.0/).BY-NC-ND  license  (http://creativecommons.org/licenses/by-nc-nd/4.0/).
is limiting. Nongraminaceous monocot and dicot plants utilize an
Fe-reduction strategy (Strategy I), whereas graminaceous mono-
cots, including rice, typically make use of an Fe-chelation strategy
(Strategy II) [2]. It is well known that Strategy II plants respond to
iron deﬁciency by releasing phytosiderophores (PS), which solubi-
lize inorganic Fe(III) complexes through chelation [1]. In rice, only
deoxymugineic acid (DMA) is the primary PS released from roots
to chelate Fe(III), forming Fe(III)-DMA complexes in soil. These are
then transported into the roots by the Yellow Stripe (YS) trans-
porter OsYSL15 that is speciﬁc for metal-PS chelation complexes.
However, in rice the synthesis and diffusion of mugineic acid (MA)
is limited under iron-deﬁcient growth conditions, limiting its Strat-
egy II uptake capability [3–5]. Therefore, while rice is considered to
be a Strategy II plant, it also has an ability to solubilize and directly
absorb iron from soil by means of Strategy I [3–6].
The Strategy I uptake system relies on acidiﬁcation of soil
within the rhizosphere to increase the solubility of ferric iron
complexes at neutral or alkaline pH. The Fe(II) uptake occurs
 access article under the CC BY-NC-ND license (http://creativecommons.org/
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hrough the activation of several enzymes at the root surface, most
otably a P-type H+-ATPase to release H+ for acidiﬁcation into the
hizosphere, an Fe(III)-chelate reductase oxidase (FRO2) to reduce
e(III) to the more soluble Fe(II) form at the root surface, and a
peciﬁc Fe(II) transporter (IRT1) for uptake of the soluble Fe(II) [1].
he H+ extrusion mediated by PM H+-ATPases in plant roots not
nly acidiﬁes/solubilizes iron in the rhizosphere, but also powers
he necessary transport processes by generating a pH gradient
cross the PM [7]. The H+-ATPase associated with Strategy I iron
ptake is a canonical plasma membrane (PM) protein that occurs
n all organisms. In tomato, a Strategy I plant, H+ export mediated
y this enzyme causes a drop in the pH of the rhizophere, which
nhances the expression of genes encoding FRO2 and the iron
ransporter IRT1 [8]. However, unlike typical Strategy I plants,
RO encoding mRNAs or FRO enzymatic activity are not present
n Fe-deﬁcient rice roots [5], indicating that uptake of Fe(II) occurs
ithout the additional step of Fe(III) reduction. Thus, it appears
hat the Strategy I-like system in rice allows for the direct uptake
f Fe(II), via the Fe(II) transporters OsIRT1 and OsIRT2 [5,6]. Taken
ogether, evidence indicates that root H+-ATPases serve as a central
egulatory point to coordinate the activities and production of
ifferent components of the Strategy I uptake system, ensur-
ng the efﬁcient interactive functioning of this iron acquisition
echanism.
In addition to their role in iron assimilation from soil, PM H+-
TPases are also implicated in the extensibility of plant cells. Based
n the long-standing acid growth theory, auxin stimulates PM H+-
TPases activity to pump H+ into the apoplast, where the resulting
ecrease in apoplastic pH caused by increased H+ excretion can
ctivate cell wall-localized enzymes, such as expansin. Thus, it has
een proposed that the activity of PM H+-ATPases is essential for
longation growth of plant [9]. Furthermore, the recent studies
rovide molecular evidence for the acid growth theory. Auxin pro-
otes phosphorylation of the C-terminal autoinhibitory domain
f PM H+-ATPases, by inhibiting the phosphatases activity of the
P2C-D protein at the PM.  The proportion of active PM H+-ATPases
n the phosphorylated status increases, allowing for enhanced H+
fﬂux, activation of cell wall-modifying enzymes and elongation of
lant roots cells [10].
In summary, it appears that PM H+-ATPases play a key role in
egulating plant growth and development, being responsible for
ncreasing iron uptake, and increasing extensibility growth of plant
ells. This current study focuses on the iron responsiveness of PM-
+-ATPase enzymes in rice roots. There are 10 gene family members
hat encode the rice PM H+-ATPases (OsPMA1 to OsPMA10), ﬁve
f which, – OsPMA1, OsPMA2, OsPMA3, OsPMA7 and OsPMA8, are
nown to be expressed in roots [11,12]. We  show here that root-
ocalized OsPMA1, OsPMA2 and OsPMA3 transcripts are upregulated
nder conditions of iron deﬁciency. We  further demonstrate that
he process of H+ secretion, driven by PM-H+-ATPase, is enhanced
n iron-deﬁcient rice roots, identifying this enzyme as a key deter-
inant of the Strategy I system utilized by rice in response to iron
eﬁciency.
PM proteins, including the PM-H+-ATPase, are separated/sorted
rom other intracellular proteins at several points along the endo-
lasmic reticulum (ER) secretory pathway. Protein sorting is often
ediated by small membrane vesicles that originate from the ER
nd travel to speciﬁc locations within the cell, mediated through
oat Protein I (COPI) and Coat Protein II (COPII) and clathrin coat
13]. Coat Protein II is associated with early stages of the secretory
athway, producing vesicles that move proteins from the ER to the
is-Golgi network (CGN) of Golgi apparatus. Coat Protein I is asso-
iated primarily with the backwards transport of vesicles from the
GN of Golgi to the ER. And clathrin coat mainly mediates large
olecules endocytosis and secretory proteins exocytosis from the
rans Golgi network (TGN) of Golgi apparatus [13–15].233 (2015) 61–71
In our previous study, a highly up-regulated gene in
iron-deﬁcient rice roots was identiﬁed through microarray anal-
ysis. The original EST fragment of a microarray displayed
similarity to one component of COPI in yeast, SEC27, via
the TBlastX search with the EST in yeast genome database
(http://www.yeastgenome.org/cgi-bin/blast-sgd.); thus, it was ini-
tially referred to as OsSEC27 (GenBank Accession No. ABE01836.1
at NCBI web; LOC Os02g56500 at Rice Genome Annotation Project;
584 aa) [16]. The expression of OsSEC27 in transgenic tobacco
demonstrated the ability of this encoded protein to signiﬁcantly
enhance H+ extrusion from roots hairs, relative to wild type control
plants, under conditions of iron-deﬁciency [16]. Thereby, in order
to characterize the authentic functions of OsSEC27 we  performed
functional complementation assays in yeast mutant strains, includ-
ing sec27/SEC27,  sec24/SEC24,  chc1/CHC1,  pma1/PMA1 and
aft1/AFT1 that are defective in formation of coat protein
complexes COPI [15], COPII [17], clathrin coat protein [14], PM-
H+-ATPase PMA1 [18] and iron-deﬁciency regulated transcription
factor AFT1 [19]. Based on the ability of this protein to functionally
complement SEC24, but not SEC27, PMA1, CHC1 or AFT1 in yeast,
we have renamed this protein as OsSEC24, a functional Sec24-
like protein. This current study extends our characterization of
OsSEC24 by exploring how this vesicular protein, together with PM-
H+-ATPase, enhanced H+ extrusion in rice roots and affected plant
growth under conditions of iron deﬁciency and high pH levels.
2. Materials and methods
2.1. Yeast strains, culture medium and plasmids construction
The yeast strains presented in this paper were as follows:
BY4743 [wild type] (MATa/MAT; his31/his31;  leu20/leu20;
met150/MET15; LYS2/lys20; ura30/ura30), BY4743
sec24/SEC24 (BY4743 with YIL109c::kanR/YIL109c). BY4743
sec27/SEC27 (BY4743 with YGL137w::kanR/YGL137w).  Yeast
transformants were selected on the synthetic deﬁned (0.67% yeast
nitrogen base without amino acids) medium supplemented with
2% galactose and any necessary auxotrophic requirements (-Uracil)
(SD medium). And the nontransformed yeast cells were grown
on SD medium supplemented with 20 g/ml Uracil (SC medium).
Yeast cell cultures were diluted to an optical density of 0.1, 0.01,
0.001, 0.0001. Then 3 l of each cell suspension was spotted on
SD and SC media at different pH levels (pH 4.0, 6.0, 8.0, 8.5, 9.0),
respectively. The plates at pH 6.0 were incubated at 28 ◦C and 37 ◦C.
The translated region of OsSEC24 and OsPMA2 was  cloned into
the galactose-inducible vector pYES2.0(PGAL1)-Ura with GFP and
mCherry, respectively. Promoter(PGAL1)-OsSEC24-GFP-Terminator
from pYES2.0-Ura was cloned into the YEplac181-Leu vector. The
coding region of OsSEC24-GFP and OsPMA2-mCherry was  separately
cloned into pBI221 vector and pBIN20 vector, respectively, under
the control of the 35S promoter. The primers used for cloning were
listed in Table S1.
2.2. Protoplast isolation and transient expression
Protoplasts isolation from rice suspension cells and transient
expression were performed as follows [20–22]. After 5 days of cul-
turing, rice suspension cells were harvested and incubated in an
enzyme solution (0.6 M mannitol, 10 mM MES, pH 5.7, 1.5% cel-
lulase RS, 0.75% macerozyme, 1 mM CaCl2 and 0.1% bovine serum
albumin) for 1 h at 26 ◦C with gentle agitation (50–75 rpm). The
protoplasts were isolated from the undigested material with a
cell strainer and centrifuged at 2000 rpm, 4 ◦C for 15 min. They
were then resuspended in 5 mL  of W5  solution (154 mM NaCl,
5 mM KCl, 125 mM CaCl2 and 2 mM MES, pH 5.7) and pelleted
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gain by centrifugation for 15 min  at 2000 rpm, 4 ◦C. These pelleted
rotoplasts were resuspended in MMG  solution (15 mM MgCl2,
.6 M mannitol and 4 mM MES, pH 5.7) at room temperature.
nd then, the protoplasts were mixed with plasmid and incu-
ated in PEG3350/Ca solution (40% PEG3350, 0.6 M mannitol, 0.1 M
aCl2) for 15 min  in the dark for transformation. The transgenic
rotoplasts were washed with W5  and centrifuged at 2000 rpm
or 15 min. Finally, the protoplasts were resuspended gently with
 mL  incubation solution (0.6 M mannitol, 4 mM KCl, 154 mM NaCl,
25 mM  CaCl2, 4 mM MES, pH 5.8) in a plate, and incubated at room
emperature for 20–25 h.
.3. The transformation of rice and tobacco plants and vanadate
reatment
pCAMBIA1302-OsSEC24-GFP was transformed into tobacco
lants (Nicotiana tabacum var. Samsun NN) or rice plant (Oryza
ativa L. cv. Japonica) using Agrobacterium EHA105 mediated
ransformation. The detailed methods were described previously
21,23]. The T3 transgenic tobacco plants and T1 transgenic rice
lants were used in subsequent research. The plants seedling roots
ere cultured in −Fe and +Fe, then exposed to testing solution with
00 M Na3VO4 (13721-39-6, Sigma) for 10 min  and were prepared
or H+ ﬂux measurement.
.4. H+ ﬂux measurement
The net H+ ﬂux was measured using Non-invasive Micro-test
echnology (NMT) (Xuyue (Beijing) Sci. & Tech. Co. Ltd.) (BeiJing,
hina; http://www.xuyue.net). H+ ion-selective microelectrodes
ith an external tip diameter of c. 3 m were manufactured. Only
lectrodes with Nernstian slopes > 56 mV  per decade were used.
he samples were measured in the testing solution at pH 5.8 after
lectrodes were calibrated at 2 pH levels (solution I, pH 5.5 and solu-
ion II, pH 6.0). Proton ﬂuxes were calculated by MageFlux (Younger
SA Corp. http://youngerusa.com/mageﬂux) which is based on
ick’s law of diffusion. The detailed methods were described previ-
usly [16].
.5. pH measurement
The transgenic tobacco and wild type grown on Murashige and
koog (MS) solid medium at pH 5.8 for one week were transferred
o MS  liquid medium at pH 5.8 for one week under −Fe and +Fe
100 M)  conditions, respectively. The pH value was  determined
fter one week of the two iron regimes treatment. The experiment
as repeated three times, and the pH in MS  culture solution was
djusted to pH 5.8 for each time. The transgenic yeast cells were
ultured in the growth medium containing glucose and then trans-
erred to the galactose-containing medium for 24 h at pH 5.8. The
H value was measured and the experiment was repeated three
imes.
.6. Confocal microscopy
The cells were washed with PBS and viewed by confocal
icroscopy (LSM 5 Live, Zeiss, Germany). Excitation/emission
arameters for GFP, ER-tracker Blue White and mCherry
ere 488 nm/520–555 nm,  405 nm/415–480 nm,  561 nm/575 nm,
espectively. All images were recorded and analyzed with Zeiss Zen
007 software..7. Semi-quantitative RT-PCR analysis
3-Week-old rice plants grown on MS  were exposed to −Fe and
Fe (100 M)  conditions, respectively, for one week. Total RNA233 (2015) 61–71 63
from rice roots was isolated using an RNAprep Pure Plant Kit
(Beijing Tiangen Biotech Co., Ltd., China) according to the manu-
facture’s protocol. First-strand cDNA was  synthesized from total
RNA (1 l) by reverse transcription using oligo (dT) primers and
reverse transcriptase (QuantScript RT Kit; Beijing Tiangen Biotech
Co., Ltd., China). The PCR was performed, using OsPMA1–OsPMA10
genes-speciﬁc primers. The primers were listed in Table S1.
3. Results
3.1. A highly upregulated gene in iron-deﬁcient rice roots is
initially named OsSEC27
A microarray assay of 10532 cDNAs derived from rice expressed
sequence tag (EST) revealed gene expression proﬁles in rice roots
after 5 days of Fe-deﬁciency in our previous study [24]. Fold Change
(FC) was widely utilized as a method for analyzing differentially
expressed genes in microarray data [25]. Levels of change, (e.g.
0.5 for down and 2 for up-regulated) were applied to screen the
genes under or above thresholds [25]. In our previous microar-
ray datasets, 203 clones were classiﬁed as upregulated genes upon
Fe-deﬁciency via two-color ratio (Cy5/Cy3) analysis, containing a
transcript of high −Fe/+Fe (+Fe is 100 M EDTA-Fe2+ for short)
ratio at 8.205 [24,26]. (Fig. S1A). The highly up-regulated gene
cloned from Fe-deﬁcient rice roots was 99% identical to the orig-
inal EST fragment; thus, the gene encoding protein can be used
for the following functionality identiﬁcation (Fig. S1B). PSI-Blast
search at the NCBI website showed that the encoded protein
(LOC Os02g56500 identiﬁed by Rice Genome Annotation Project)
shared a high identity and similarity to 3 proteins from Strat-
egy I-type Arabidopsis thaliana and 2 proteins from Strategy I-type
Solanum lycopersicum in their amino acid sequence. Unfortunately,
the functions of those proteins remain uncharacterized. In Strategy
II-type Hordeum vulgare or Zea mays, Saccharomyces cerevisiae and
Homo sapiens,  we did not ﬁnd proteins which had homology with
Os02g56500 protein in rice (Fig. S1C). However, the original EST
fragment used in the microarray assay displayed a little bit of sim-
ilarity to one component of COPI in yeast, SEC27, via the TBlastX
search with the EST nucleotide sequence in yeast genome database
(http://www.yeastgenome.org/cgi-bin/blast-sgd) (Fig. S1D); thus,
this up-regulated gene upon iron deﬁciency was initially referred
to as OsSEC27 [16].
3.2. OsSEC27 is renamed OsSEC24 because the Os02g56500
protein functionally complements SEC24 in yeast
Yeast cells provide an excellent model system in which the
role of functionally conserved exogenous proteins can be deter-
mined by complementation [22,27–30]. In order to characterize
the authentic functions of OsSEC27, we  ﬁrst expressed a cDNA
encoding the heterologous rice protein OsSEC27 in the mutant
yeast strains including sec27/SEC27, sec24/SEC24,  chc1/CHC1,
pma1/PMA1 and aft1/AFT1 that are defective in formation of
coat protein complexes COPI [15], COPII [17], clathrin coat pro-
tein [14], PM-H+-ATPase PMA1 [18] and iron-deﬁciency regulated
transcription factor AFT1 [19]. Due to the lack of complementa-
tion of OsSEC27 in chc1/CHC1,  pma1/PMA1 and aft1/AFT1 yeast
strains (data not shown), we chose sec27/SEC27, sec24/SEC24
yeast strains for functional analysis of OsSEC27. The wild type (WT),
sec27/SEC27, sec24/SEC24 strains presented in this study are all
defective in uracil (Ura) synthesis, and the two sec mutant strains
are considered to be temperature sensitive [15,31]. Therefore, we
ﬁrst characterized the growth of these strains on different media
(synthetic deﬁned media with and without uracil supplement, des-
ignated SC media and SD media, respectively) and at different
64 S. Li et al. / Plant Science 233 (2015) 61–71
Fig. 1. Functional complementation of OsSEC27 in sec24/SEC24 and sec27/SEC27 yeast strains. (A) The temperature-sensitive test of sec27/SEC27 and sec24/SEC24 yeast
strains. The wild type (WT), sec24/SEC24, pYES vector-transgenic sec24/SEC24,  and OsSEC27-transgenic sec24/SEC24 (left) and WT,  sec27/SEC27, pYES vector-transgenic
sec27/SEC27,  and OsSEC27-transgenic sec27/SEC27 (right) cells were grown on a synthetic deﬁned medium without uracil (SD-Ura medium) containing galactose or on the
same  medium supplemented with Ura (SC medium) at 28 ◦C and 37 ◦C, respectively. (B) The pH-sensitive test of sec27/SEC27 and sec24/SEC24 yeast strains and functional
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f  0.1, 0.01, 0.001, and 0.0001.
emperatures (i.e. permissive 28 ◦C and nonpermissive 37 ◦C), using
 serial dilution drop test. As expected, the growth of all three
east strains was supported on medium supplemented with Uracil
Fig. 1A, 28 ◦C, SC), while medium lacking the uracil supplement
Fig. 1A, 28 ◦C, SD) did not support the growth of these strains. How-
ver, the growth phenotypes of the sec27/SEC27,  sec24/SEC24
utant strains showed the same trait both at 37 ◦C and 28 ◦C
Fig. 1A, 37 ◦C and 28 ◦C, SC), and so the mutants were not inﬂuenced
y temperature. Transformation of these strains with a pYES-Ura
ector alone (control) and the pYES-Ura-OsSec27 construct rescued
he Ura-limited growth defects of the sec27/SEC27,  sec24/SEC24
east strains, respectively, at both temperatures (Fig. 1A, 28 ◦C and
7 ◦C, SD). The observation of identical growth characteristics for
he wild type, mutant, and transformant yeast cells at 28 ◦C and
7 ◦C demonstrated that both sec mutants were suitable for use
s experimental host strains for complementation analysis with aic deﬁned medium without uracil (SD-Ura medium) containing galactose or on the
, pH 8.0, pH 8.5, and pH 9.0) at 28 ◦C. Yeast cultures were diluted to optical density
pYES-Ura yeast transformation vector, and that temperature was
not a determining factor for their growth characteristics. Next, for
the pH-dependent studies described below, all of the yeast strains
were grown at 28 ◦C.
During the pH-sensitive test of sec27/SEC27 and sec24/SEC24
strains, we found that the growth of sec27/SEC27,  sec24/SEC24
and the vector transformant cells was  gradually impaired when the
external pH was increased from pH 4.0 to 8.5, and even was com-
pletely stopped at pH 9.0 (Fig. 1B). In contrast, OsSEC27-transgenic
sec24/SEC24 displayed better growth performance from pH 4.0
to pH 9.0 (Fig. 1B, left). The heterologous OsSEC27 reversed the
pH-sensitive growth defect of the sec24/SEC24 strain, suggesting
that SEC24 of COPII in yeast plays an important role in cell viability
at high pH, and that OsSEC27 is able to functionally complement
SEC24 in yeast. Further conﬁrmation for this conclusion came
from the negative complementation of OsSEC27 in sec27/SEC27.
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bviously, the growth of OsSEC27-transgenic sec27/SEC27 was
nhibited at pH 8.5 relative to OsSEC27-transgenic sec24/SEC24
Fig. 1B, right). Intriguingly, SEC24 in vivo did not support the
rowth of wild type at pH 9.0 compared with OsSEC27-transgenic
ec24/SEC24; this result indicated that exogenous OsSEC27 con-
erred more tolerance to high pH levels than did endogenous SEC24
n yeast (Fig. 1B, pH 9.0). Given that OsSEC27 could functionally
eplace SEC24 but not SEC27 in yeast, the protein was designated
s OsSEC24.
.3. Transgenic OsSEC24 yeast enhances H+ secretion at high pH
To assess the role of OsSEC24 in tolerance of high pH, we ana-
yzed the real-time kinetics of the H+ ﬂux in the sec24/SEC24,  GFP-
r OsSEC24-GFP-transgenic sec24/SEC24 at pH 6.0 and OsSEC24-
FP-transgenic sec24/SEC24 at pH 9.0, using a non-invasive
+-selective microelectrode of NMT. Notably, the H+ ﬂux in both
ases exhibited a two-phase response, with both inﬂux and efﬂux
scillation patterns. At pH 6.0, compared to sec24/SEC24 and
FP transformants, OsSEC24-GFP transformants displayed attenu-
ted H+ inﬂux and enhanced H+ efﬂux (Fig. 2A). The mean rate of
+ efﬂux in the OsSEC24-GFP transformants was  markedly higher
han that in GFP transformants (Fig. 2B). There was  no signiﬁcant
ifference in H+ ﬂux between sec24/SEC24 and GFP transfor-
ants (p > 0.05, Student’s t-test; Fig. 2B). Furthermore, at pH 9.0,
he kinetics and mean rate of H+ ﬂux showed that OsSEC24-GFP
ig. 2. The effect of OsSEC24 on net H+ ﬂux in transgenic yeast at high pH by NMT. (A)
FP-transgenic sec24/SEC24 yeast cells at pH 6.0 and OsSEC24-GFP-transgenic sec24
rom  a representative experiment are shown. (B, left) The mean rates of H+ ﬂux in (A), u
ndependent measurement contained >150 replicates. The image shows the measuring p
 < 0.05 in Student’s t-test; **extreme signiﬁcant difference, p < 0.01 in Student’s t-test.233 (2015) 61–71 65
transformants exhibited stronger H+ efﬂux than those at pH 6.0
(Fig. 2A and B). Thus, OsSEC24-transgenic sec24/SEC24 at high
pH increased H+ secretion. These results can explain why  OsSEC24
transformation improved sec24/SEC24 strain’s tolerance to high
pH in the assays of functional complementation in yeast (Fig. 1B).
3.4. Transgenic OsSEC24 tobacco increases the number and
length of roots under iron deﬁciency and high pH
Given that the root phenotype is typical of iron-deﬁcient plants
[32], we  decided to continue testing whether OsSEC24 plays a role
in plant root growth under iron deﬁciency (−Fe). Aside from −Fe
conditions [32], high pH can also stimulate H+ secretion as shown
in Fig. 2; thus, we cultivated transgenic tobacco that constitutively
expresses OsSEC24 at three pH levels (pH 4.0, pH 6.0 and pH 8.0),
along with the wild type at pH 8.0, each pH under two  iron regimens
(−Fe, +Fe). The length of roots in the transformed tobacco was found
to markedly increase from pH 4.0 to 8.0, irrespective of iron status,
the effect being more pronounced under the high pH condition (pH
8.0; Fig. 3A, pH 4.0–8.0). Nevertheless, morphological comparison
of the wild type and transgenic tobacco showed that the wild type
tobacco, in general, displayed inhibition of root growth at pH 8.0
(Fig. 3A, pH 8.0). We  also measured the length of tobacco roots in six
4-week-old seedlings both under −Fe and +Fe at each pH level. Con-
sistent with the phenotypic differences, biostatistic assays revealed
that the average root length of transgenic tobacco in sextuplicate
 Kinetics of H+ ﬂux in sec24/SEC24, GFP-transgenic sec24/SEC24,  and OsSEC24-
/SEC24 yeast cells at pH 9.0. The experiment was  performed three times. Results
sing the mean value of three independent measurements (mean ± SE; n = 3). Every
osition using H+-selective microelectrode of NMT (B, right). *Signiﬁcant difference,
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Fig. 3. Growth performance of wild type and OsSEC24-transgenic tobacco roots
under different Fe and pH conditions. (A) The root phenotype of wild type (WT)
and OsSEC24-transgenic tobacco seedlings grown in the culture solution supplied
with 100 M (+Fe) or no iron (−Fe) for four weeks at various pH levels (pH 4.0, pH
6.0, and pH 8.0). (B) The root length and number of WT and OsSEC24-transgenic
tobacco seedlings in (A). The bars represent the average of root length and root
number from 6 seedlings under −Fe and +Fe separately at each pH level ± SD (n = 6).
For each replicate, all the roots were measured to calculate the mean root length.
(C)  The pH in the culture solution of WT and OsSEC24-transgenic tobacco seedlings
a
i
a
o
I
p
p
(
i
−
a
t
t
−
t
t
t
p
t
t
e
To clarify the role of OsSEC24 in PM sorting of OsPMA2, we grewfter one week of −Fe and +Fe at pH 5.8. Data represent mean ± SD (n = 5). *p < 0.05
n  Student’s t-test; **p  < 0.01 in Student’s t-test.
t pH 8.0 was much greater than that of the transgenic plants at
ther pH levels and the wild type at pH 8.0 (Fig. 3B, pH 4.0–8.0).
ntriguingly, the growing transgenic OsSEC24 tobacco under −Fe at
H 8.0 showed a signiﬁcant increase in the number of roots com-
ared to the transgenic plants grown under +Fe and the wild type
Fig. 3A and B, pH 8.0). In contrast to the wild type, a clear increase
n root number and length of transgenic OsSEC24 tobacco under
Fe at pH 8.0 suggested that OsSEC24 conferred tolerance to −Fe
t high pH levels by inducing root formation.
To determine the reason why OsSEC24 made transgenic OsSEC24
obacco more tolerant of −Fe relative to the wild type, we  grew
he transgenic OsSEC24 tobacco seedlings and the wild type under
Fe and +Fe at pH 5.8, respectively. After measuring pH of the cul-
ure solution, we  found that the mean pH ± SD (n = 5) for transgenic
obacco decreased compared to the wild type plants, the attenuated
rend being more obvious under −Fe (Fig. 3C). Together, the data of
H measurement under −Fe, along with the phenotype of OsSEC24-
ransgenic tobacco roots under −Fe at pH 8.0, was  consistent with
he acid growth theory [9,10]. And OsSec24 improved tobacco tol-
rance to −Fe by enhancing the acidiﬁcation of rhizospheres.233 (2015) 61–71
3.5. H+ secretion increased by OsSEC24 is attributable to PM
H+-ATPase in tobacco and rice
Further support for the above-mentioned conclusion came from
measurements of H+ ﬂux using a vibrating probe. As the real-time
kinetics and the mean rate of H+ ﬂux showed that under −Fe,
the transgenic tobacco root hairs exhibited signiﬁcantly higher H+
efﬂux rates than those under +Fe and wild type control (Fig. 4A
and B). This result suggested that OsSEC24 enhanced H+ secretion,
particularly under −Fe, further explaining why  OsSEC24-transgenic
tobacco plants were more tolerant of −Fe than wild type (Fig. 3A,
pH 8.0, −Fe). Acidiﬁcation of the apoplast and rhizosphere by H+
extrusion was demonstrated to correlate with the increase in the
PM H+-ATPase activity [33]. To conﬁrm whether the H+ extrusion
enhanced by OsSEC24 was  related to PM H+-ATPase, one pharmaco-
logical agent, vanadate, an inhibitor of plant cell PM H+-ATPase [34],
was applied to the roots of the transgenic and wild type tobacco
after −Fe and +Fe treatment, respectively (Fig. 4A and B, vana-
date). The measurement of H+ ﬂux rates showed that the tobacco
roots displayed a signiﬁcantly weaker H+ efﬂux in the presence of
vanadate than without vanadate treatment.
Further evidence consistent with that ﬁnding came from H+ ﬂux
measurements in transgenic rice plants expressing OsSEC24 and
wild type rice plants cultured in −Fe and +Fe conditions, respec-
tively, in the presence or absence of vanadate. The real-time kinetics
of H+ ﬂux showed that both wild type and transgenic rice roots
exhibited continuous H+ efﬂux under −Fe and +Fe, respectively
(Fig. 5A). Nevertheless, the magnitude of the H+ efﬂux in trans-
genic rice under −Fe was almost 1-fold higher than that under
+Fe and >2-fold higher than that in the wild type (Fig. 5B). How-
ever, the exposure of both transgenic plants and the wild type
to vanadate attenuated the H+ efﬂux in the root hairs to a sim-
ilar level, regardless of iron supply (Fig. 5A and B, vanadate); this
result was  consistent with the H+ ﬂux measurements in transgenic-
tobacco root hairs. Therefore, the experiments with vanadate in
both tobacco and rice showed that H+ secretion promoted by
OsSEC24 under −Fe is attributable to PM H+-ATPase.
3.6. OsPMA2 represents an iron deﬁciency-responsive
PM-H+-ATPase in rice root
To determine how OsSEC24, together with PM H+-ATPase in rice
promotes H+ extrusion, we ﬁrst identiﬁed the −Fe-responsive PM
H+-ATPase isogenes in rice roots. After multiple sequence align-
ments of OsPMA-family proteins, phylogenetic analysis indicated
that OsPMA1, OsPMA2, and OsPMA3 most likely shared a similar
function (Fig. 6A, bottom). PCR analysis with gene-speciﬁc primers
showed that four out of the 10 P-type H+-ATPase isogenes (OsPMA1
to OsPMA10) were expressed in roots (Fig. 6B). After imposing −Fe
and +Fe for 3 d, semi-quantitative RT-PCR analysis of H+-ATPase
transcripts from rice roots showed that the OsPMA1 and OsPMA2
genes displayed a much higher transcriptional level under −Fe
than under +Fe (Fig. 6C). The OsPMA3 transcript was found to be
slightly upregulated, whereas the OsPMA7 gene, one of the major
H+-ATPase isoforms expressed in roots, was not transcriptionally
regulated by −Fe (Fig. 6C). Based on the transcription level, OsPMA1,
OsPMA2, and OsPMA3 are the −Fe-responsive isogenes in roots. And
we chose OsPMA2 as a representative of iron deﬁciency-responsive
PM-H+-ATPases in rice root for the following experiments.
3.7. The PM sorting of OsPMA2 depends on SEC24transgenic yeast. In the transgenic OsPMA2-mCherry wild type, the
majority of OsPMA2 was present at the PM;  in contrast, in OsPMA2-
mCherry-transgenic sec24/SEC24 strain, OsPMA2 was  dispersed
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Fig. 4. The effects of OsSEC24 on H+ extrusion in transgenic tobacco roots under −Fe and vanadate. (A) Kinetics of H+ ﬂux rates in WT and OsSEC24-transgenic tobacco
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>eedlings grown on a −Fe or +Fe medium for 10 days and transferred to a culture 
n  (A), using the mean value of four independent measurements (mean ± SE). Two
easurement contained >50 replicates. The image shows the measuring position uithin the cytoplasm with no speciﬁc signal found near the PM.
hese ﬁndings indicated that SEC24 coat protein plays an impor-
ant role in PM sorting of OsPMA2 (Fig. 7A, top). However, OsSEC24
ntroduction restored the defect in the PM targeting of OsPMA2
ig. 5. The effects of OsSEC24 on H+ extrusion in transgenic rice roots under −Fe and vana
r  +Fe medium for two weeks and transferred to a culture solution containing vanadate
alue  of four independent measurements (mean ± SE). Two roots in each plant and two  
150  replicates. The image shows the measuring position using H+-selective microelectroon containing vanadate (incubation for 10 min). (B, left) the mean rates of H+ ﬂux
 in each plant and two root hairs in each root were measured. Every independent
+-selective microelectrode of NMT  (B, right). **p < 0.01 in Student’s t-test.in the sec24/SEC24 strain (Fig. 7A, bottom). Eventually, OsSEC24
exhibited a dispersive pattern in the cytoplasm (Fig. 7A, bottom).
Therefore, OsSEC24 functionally compensates for SEC24 in yeast for
PM sorting of OsPMA2.
date. (A) Kinetics of H+ ﬂux in WT and OsSEC24 transgenic rice roots grown on −Fe
 (incubation for 10 min). (B, left) The mean rates of H+ ﬂux in (A), using the mean
root hairs in each root were assayed. Every independent measurement contained
de of NMT  (B, right). **p < 0.01 in Student’s t-test.
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Fig. 6. Quantiﬁcation of mRNA in OsPMA isoforms from rice roots under −Fe. (A) The GenBank database accession numbers for OsPMA1 to OsPMA10 (top). A dendrogram
showing amino acid sequence similarities among the OsPMA family members in rice (bottom). The tree was constructed using all sequences shown in (A). The phylogenetic
analysis was  performed using protein sequences aligned in ClustalW. The tree was constructed using the Neighbor-Joining algorithm, with the following parameters: pairwise
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deletion, Poisson correction, and 1000 replicates for estimation of the bootstrap con
evel  in roots by PCR under −Fe and +Fe, respectively. M:  Marker. (C) Semiquantita
nder  −Fe and +Fe. -Actin expression is shown as a loading control.
The localization study using confocal microscopy is only a
ualitative assessment of the OsSEC24 function. Consequently,
+ ﬂux measurements were carried out in the transgenic wild
ype yeast to quantify OsSEC24’s importance in this transport
athway. By measuring real-time kinetics of H+ ﬂux, we found
hat the double OsPMA2-mCherry- and OsSEC24-GFP transformants
xhibited a signiﬁcant increase in efﬂux rates compared to the
ig. 7. The role of OsSEC24 in the PM sorting of OsPMA2 in yeast. (A) The localization obse
Cherry single transgenic sec24/SEC24, and OsPMA2-mCherry plus OsSEC24-GFP doubl
ifferential Interference Contrast. (B) Kinetics of H+ ﬂux in WT,  mCherry plus GFP double
sSEC24-GFP double-transformants, respectively. The experiment was  performed three
f  H+ ﬂux in (B), using the mean value of three independent measurements (mean ± SE
tudent’s t-test. (D) The pH in the culture solution of mCherry and GFP double-transgenic 
ouble-transgenic WT respectively, after 24 h of culture at pH 5.8. Data represent mean ±e level. (B) The expression analysis of OsPMA-family isogenes at the transcriptional
T-PCR analysis of OsPMA1, OsPMA2, OsPMA3, and OsPMA7 transcripts in rice roots
single OsPMA2-mCherry transformants, mCherry plus GFP double
vectors-transformants and wild type (Fig. 7B). The mean rate of
H+ ﬂux in the transformants expressing both OsPMA2-mCherry
and OsSEC24-GFP was  1-fold higher than that in only OsPMA2-
mCherry transformants and almost 9-fold higher than that in the
mCherry plus GFP double vectors transformants and wild type,
respectively (Fig. 7C). Moreover, after 24 h of culture at pH 5.8,
rvation of OsPMA2 in OsPMA2-mCherry single transgenic wild type (WT), OsPMA2-
e-transgenic sec24/SEC24 yeast cells. The scale bars for the panel are 5 m.  DIC,
-transformants, OsPMA2-mCherry single-transformants and OsPMA2-mCherry plus
 times. Results from a representative experiment are shown. (C) The mean rates
; n = 3). Every independent measurement contained >150 replicates. **p < 0.01 in
WT,  OsPMA2-mCherry transgenic WT as well as OsPMA2-mCherry plus OsSEC24-GFP
 SD (n = 3). *p < 0.05 in Student’s t-test.
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he pH level in the culture medium with the double OsPMA2-
Cherry- and OsSEC24-GFP transformants decreased signiﬁcantly
elative to OsPMA2-mCherry transformants or mCherry plus GFP
ouble transformants (Fig. 7D). This result was consistent with
he H+ ﬂux measurements. Taken together, SEC24 coat protein is
 key contributor to the PM sorting of OsPMA2; OsSEC24 rescues
he loss of SEC24 in sec24/SEC24; while exogenous OsSEC24 has
tronger capacity for H+ secretion than does endogenous SEC24 in
east, which can explain why the growth of OsSEC24 transgenic
ec24/SEC24 was supported at pH 9.0 in contrast to wild type in
ig. 1B.
.8. OsSEC24 expression in rice increases the H+ secretion
ediated by OsPMA2To further analyze the effects of OsSEC24 on the PM sor-
ing of OsPMA2 in rice, we utilized transient expression in rice
rotoplast isolated from suspension culture cells. ER TrackerTM
ig. 8. The effects of OsSEC24 on the transport of OsPMA2 in a rice protoplast. (A) Obs
ransgenic rice protoplast using confocal microscopy after ER-Tracker Blue-White stain
f  OsPMA2 and OsSEC24 in OsPMA2-mCherry and OsSEC24-GFP double-transgenic rice p
nterference contrast. (C) Kinetics of H+ ﬂux in mCherry plus GFP double-transgenic rice
lus  OsSEC24-GFP double-transgenic protoplasts. The experiment was performed three t
+ ﬂux in (C), using the mean value of three independent measurements (mean ± SE). E
easuring position. *p < 0.05 in Student’s t-test; **p  < 0.01 in Student’s t-test. Scale bars fo233 (2015) 61–71 69
Blue-White (ER-TrackerTM B-W) is a cell-permeable dye that
selectively labels the ER [35]. After Blue White staining, the colo-
calization of OsSEC24-GFP with Blue-White dye indicated that
cytosolic OsSEC24 was  recruited to ER for the transport of vesicles
budding from ER (Fig. 8A, top, arrowhead). And the colocalization of
OsPMA2-mCherry with Blue-White dye showed that OsPMA2 was
synthesized in the ER before sorted to the PM (Fig. 8A, bottom).
Visual inspection data under confocal microscope that OsPMA2-
mCherry was colocalized with OsSEC24-GFP in the cytoplasm
suggested that OsPMA2 protein was  packaged into OsSEC24 vesi-
cles (about 20–23 h) (Fig. 8B, top). Eventually, the speciﬁc OsPMA2
signal was found near the PM,  but OsSEC24 was  disassembled
(about 23–25 h) (Fig. 8B, bottom). Measurements of H+ ﬂux rates,
the real-time kinetics, and of the mean rate of H+ ﬂux showed
that the net H+ efﬂux in the OsPMA2-mCherry- and OsSEC24-
GFP double-transgenic rice protoplast was enhanced, compared to
OsPMA2-mCherry transgenic cells and mCherry plus GFP double-
transgenic cells (Fig. 8C and D). These data indicate that OsPMA2 out
ervation of localization of OsSEC24-GFP (top) and OsPMA2-mCherry (bottom) in
ing. DIC, Differential Interference Contrast. (B) The dynamic localization changes
rotoplasts from 20 h to 23 h (top) and from 23 h to 25 h (bottom). DIC, differential
 protoplasts, OsPMA2-mCherry single-transgenic protoplasts and OsPMA2-mCherry
imes. Results from a representative experiment are shown. (D) The mean rates of
very independent measurement contained >150 replicates. The image shows the
r the panels are 10 m.
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f ER is coated by OsSec24 for vesicle transport and that OsSec24
xpression in rice protoplast enhances the H+ extrusion mediated
y OsPMA2.
. Discussion
In this work, we characterized a functional SEC24-like protein in
ice (O. sativa L. cv. Japonica); we designated this protein as OsSEC24
ccording to functional complementation experiments in yeast
Fig. 1). OsSEC24 confers tolerance to high-pH and iron-deﬁciency
onditions by enhancing H+ secretion (Figs. 2, 4 and 5). According to
cid growth theory, H+ excretion increases, resulting in increased
ctivation of cell wall-localized enzymes and elongation growth of
lant cells [9,10]. This can explain why OsSEC24-transgenic tobacco
lants have greater numbers of and longer roots than the wild type
ontrols in plant growth under the conditions of iron deﬁciency
nd high pH (Fig. 3A, −Fe, pH 8.0). The utilization of vanadate
hows that H+ secretion promoted by OsSEC24 is attributable to PM
+-ATPase (Figs. 4 and 5). In rice roots, OsPMA2 is used as the rep-
esentative of −Fe-responsive H+-ATPase isoforms (Fig. 6). SEC24
oat protein of COPII vesicles is required for PM sorting of OsPMA2
nd OsSEC24 functionally complement SEC24 in yeast (Fig. 7A).
nd we also show that OsPMA2 is recruited into OsSEC24 vesi-
les after export from the ER (Fig. 8A and B). Furthermore, H+ ﬂux
easurement in both transgenic yeast and rice protoplasts indi-
ates that OsSEC24 expression increases the H+ secretion mediated
y OsPMA2 (Figs. 7B and C, 8C and D). OsSEC24 seems to play a
ajor role in nutrient acquisition and plant growth by increas-
ng H+ secretion mediated by H+-ATPase. However, how OsSEC24
articipates in the assembly of coat proteins of COPII vesicle has
et to be elucidated and needs to be further investigated deeply.
In contrast to the Strategy II iron uptake system of grasses,
he Strategy I-type of iron absorption is severely affected by high
xternal pH, being restricted because of reduced PM H+-ATPase
ctivity [32]. The fact indicates that the expression of PM H+-ATPase
sogenes is down-regulated when the external pH increases; this
henomenon has been proven by accumulating evidence in Ara-
idopsis and rice [11,36]. In our study, however, OsSEC24 confers
olerance to high-pH by enhancing H+ secretion. And OsSEC24-
ransgenic Strategy I-type tobacco displays better growth at high
H than do the wild type, which not only supports acid growth the-
ry but also points to an important function of OsSEC24 in the high
H resistance.
As shown in Strategy I plant’s roots, the increase in the PM H+-
TPase activity with a consequent acidiﬁcation of the rhizosphere
nder −Fe is not only due to the growing number of root tips in the
lants under −Fe but also to an increased enzyme concentration
n each tip notwithstanding other regulatory mechanisms [37]. In
he present study, we ﬁnd that −Fe induces growth of more roots
n the OsSEC24-transgenic tobacco than wild type (at pH 8.0). And
he OsSEC24-transgenic tobacco and rice plants have stronger H+
ecretion mediated by PM H+-ATPase than do the wild type plants
nder −Fe. Thus, these data suggest that the increased activity of
+-ATPase under −Fe is not only due to the enhanced root tips and
nzyme synthesis but also due to the enhanced OsSEC24 vesicle
rafﬁcking at the cellular level.
The PM H+-ATPase, as a universal electrogenic H+ pump, is
apable of establishing an H+ electrochemical gradient [38]. The
+-ATPase-mediated transport participates in the majority of phys-
ological processes, such as acquisition of mineral nutrients by
oots, translocation of metabolites, maintenance of cytoplasmic
H, and cell turgor-related functions [39–42]. H+-ATPase activ-
ty is thought to be important for many characteristics of plant
rowth and development. For example, other studies have shown
hanges in pump activity in response to a variety of environmental233 (2015) 61–71
conditions, including salt stress, lighting changes, and pathogens
[43]. Moreover, transport of nutrients such as Fe, P, and N
is intimately linked to the activity of H+-ATPases in plants
[11,12,34,44,45]. In Strategy I plants, an iron deﬁciency-responsive
PM H+-ATPase gene in the roots of cucumber is CsHA1 [45]. The
two PM H+-ATPase genes, AHA2 and AHA7, are involved in the
iron deﬁciency response of Arabidopsis roots [36]. In the present
work, both OsPMA1 and OsPMA2 transcripts are presented to be
markedly upregulated in iron deﬁcient rice roots, and we choose
OsPMA2 as a representative of −Fe-responsive H+-ATPases in rice
root. Here, we  show that SEC24 coat protein is a key contributor
to the PM sorting of OsPMA2 and OsSEC24 is able to functionally
replace SEC24 in yeast. Previously, Shimoni et al. [46] showed in
yeast that COPII vesicles are responsible for the transport of Pma1
– which comprises up to 50% of the PM protein of yeast – from ER
to Golgi.
The secondary structure prediction in ExPASy HMMTOP
database (http://www.expasy.org/) indicates that the typical SEC24
in yeast does not contain a transmembrane domain, and with N-
terminus out of the ER lumen (Fig. S2A). In yeast and mammalian
cells, the coat protein SEC24 directly recognizes transmembrane
proteins by sorting signals on the proteins, but soluble cargoes
would require membrane adaptors for SEC24 recognization [46].
However, AtSEC24A (At3g07100), a unique SEC24 homolog in A.
thaliana SEC24 family, possesses a transmembrane helices with N-
terminus in the ER lumen [31] (Fig. S2A). A similar conclusion also
holds true for OsSEC24 (Fig. S2A and B). The bioinformatics analy-
sis suggests that AtSEC24A or OsSEC24 might interact with cargoes
with a different biochemical mechanism, as compared with SEC24
in yeast and mammalian.
In addition to the standard and essential COPII genes, several
homologues of SEC24 have been discovered in genetic screens
and database searches. Two SEC24 homologues, which are not
important for viability of yeast, at least four mammalian SEC24 iso-
forms, and three SEC24 family members in A. thaliana are known
[31,47,48]. However, in rice, little is known about SEC24 in relation
to COPII coat proteins, and to our knowledge, this is the ﬁrst report
on this topic.
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